The leaves extract of Fraxinus chinensis Roxb was used for the synthesis of the innovative phytogenic magnetic nanoparticles (PMNPs) without adding toxic surfactants. The formation, morphology, elemental composition, size, thermal stability, structure and magnetic properties of these PMNPs were examined by UV-visible spectrophotometry, FT-IR, XRD, SEM, EDX, TEM, VSM, XPS, BET and TGA. The reactivity of the obtained PMNPs against decolourising toxic dyes, namely, malachite green (MG), crystal violet (CV) and methylene blue (MB), were investigated by UV-vis spectrophotometry. Further, the factors affecting the removal of dyes, including solution pH, adsorbent dosages, initial concentration of dyes, reaction temperature and contact time, were also investigated. The results revealed the decolourisation of 99.12% of MG and 98.23% of CV within 60 min, and 97.52% of MB within 200 min by the PMNPs using dyes concentration of 25 mg/l at pH 6.5 and 298.15 K. The kinetics outcome indicated that the degradation of dyes matched well to the pseudo firstorder reaction kinetics model. Furthermore, the probable degradation mechanism of dyes by the PMNPs, including the adsorption of cationic dye molecules onto the negatively charged surface of adsorbent and the oxidation of the Fe° in the solution, were discussed. Thus, the PMNPs can be produced by the bulk and have great potential to be employed for biomedical/environmental remediation.
Introduction
Currently, the demand for nanoparticles (NPs) has significantly increased for optical, electrical, chemical, biomedical and environmental protection applications, due to their unique size, shape and surface properties [1] [2] [3] . Thus, magnetic nanoparticles (MNPs) are gaining tremendous attention owing to their magnetic behaviour [4] . The demand for MNPs for modern applications has also increased, such as those for targeted drug delivery, magnetic resonance imaging (MRI), lithium ion batteries, tissue-repair engineering, spintronics, catalysis, adsorption of pollutants and the recovery of toxic metals from soil and waters [5] [6] [7] [8] [9] [10] [11] [12] . In these circumstances, MNPs have been produced by various techniques (i.e. physical, chemical and biological routes) [13] . However, the physical and chemical approaches are facing serious complications due to the high fabrication costs and the prerequisite of highly toxic/reactive reducing agents (e.g. sodium borohydride, hydrazine, etc.), which have led to restrictions in their commercial applications [14, 15] . In addition, the agglomeration of MNPs limit their applications, particularly in the biomedical applications to deliver targeted genes or drugs into the desired locations because of the presence of the Van-der Wall and magnetic forces. Similarly, the aggregation of MNPs reduces their performance for possible environmental protections applications [16, 17] . Meanwhile, the utilisation of highly toxic surfactants or soluble polymers onto the MNPs to inhibit this aggregation are eventually increasing threats to the environment by generating secondary pollutants in the form of by-products [18] . Hence, there is a need to develop an alternate efficient method for the fabrication of MNPs with desirable quality [19] [20] [21] . In relation to such a demand, green nanotechnology has kept pace to handle this situation.
Green nanotechnology is based on the concept of green chemistry, and it is a branch of science dealing with the design, development and execution of chemicals and processes to minimise the employment and production of hazardous substances that can harm human health and the surrounding environment [2, 22] . In the fabrication of MNPs, green chemistry mainly follows the following steps: the selection of (a) environmental friendly solvents, (b) safe and non-toxic reducing agents and (c) non-toxic and biodegradable capping agents or dispersing agents [22] [23] [24] [25] [26] . Hence, there is an increasing research interest to explore and identify cheap, biocompatible and chemically stable but environmental friendly biomaterials, which can be used as both reducing and capping agent to fabricate MNPs [24] . Following these guidelines, exploring the capability of plants in the fabrication of MNPs has become an innovative approach to develop these nano-materials [27, 28] . Plants are comparatively better options in producing MNPs than microbes, which demand costly instrumentations to produce MNPs. In addition, the presence of chemicals (i.e. sugars and antioxidants) play a very important role in reducing metal ions in the absence of other chemicals. Various kinds of plants and plant's parts have been successfully utilised in the production of MNPs, the details of which are given in previously published reports [2, [29] [30] [31] .
Herein, we report for first time, the successful green production of phytogenic magnetic nanoparticles (PMNPs) from the leaves extract of Fraxinus chinensis Roxb. The F. chinensis Roxb, commonly known as "Chinese ash", is a species of flowering trees, whose leaves are used in traditional Chinese medicine for dysentery disorders. This genus is widespread across much of Europe, Asia and North America. The leaves extract of F. chinensis Roxb mainly contained polyphenols that are non-toxic, biodegradable and water soluble at room temperature. Further, polyphenols can make complexes with metal ions and then reduce and stabilise these metal ions to form MNPs. Therefore, the following core objectives were designed in the study: (i) to optimise the extraction conditions to obtain the highest antioxidant capacity by varying pertaining factors (i.e. pH, temperature, contact time, shaking speed and mass of plant leafs per ml of water/solvent); (ii) to fabricate the PMNPs using the optimised conditions; (iii) to characterise the fabricated PMNPs by using different techniques (i.e. UV-vis spectra, FTIR, powder XRD, TEM, BET, TGA, SEM, EDX XPS and VSM); (iv) to investigate its reactivity against decolourising toxic dyes, including malachite green (MG), crystal violet (CV) and methylene blue (MB) by UV-vis spectrophotometry; (iv) to examine influence of various operating parameters on the removal of dyes, including solution pH, adsorbent dosages, initial concentration of dyes, reaction temperature and contact time; and (v) to employ pseudo first-order kinetic model for exploring probable degradation mechanism of the suggested dyes by PMNPs.
Materials and methods

Instrumentation and chemicals
In the present research, different instruments, such as Atomic absorption spectrometry (Solaar M6, Thermo Elemental, USA), muffle furnace (HMX-1400, Shanghai HaoYue), pH meter (mV/ORP MET-TLER TOLEDO), rotary shaker (THZ-92A, China), elemental analyser (EA, Vario EL cube, German), UV-vis spectrophotometer, magnetic stirrer, centrifuge machine, thermostatic water bath shaker, weighing balance, Erlenmeyer flasks and volumetric flasks were used to conduct all the experiments. For the characterisation, Fouriertransform infrared spectroscopy (FTIR, Bruker Vertex 70), scanning electron microscope with integrated energy dispersive X-ray system (SEM-EDX, JSM-6610 LV, Japan Electronics), X-ray diffractometer (XRD, Philips Electronic Instruments), thermo-gravimetric analyser (TGA, NETZSCH TG 209F3), Brunauer-Emmet-Teller (BET) analyser and vibrating sample magnetometer (VSM, VSM600) were employed.
Various 
Green production of the PMNPs
Selection of the leaves of F. chinensis Roxb:
For the fabrication of the PMNPs, the F. chinensis Roxb samples were selected and the leaves were collected from a flower market near the Ocean University of China, Qingdao, China. The leaves were washed thoroughly with DI water to remove impurities like dust. After washing, the leaves were allowed to dry under sunlight for at least 10 days and oven dried for 6 h at 385.15 K to reduce the moisture contents. Thereafter, the dried leaves were manually chopped into small pieces and passed through a 2 mm sieve. Finally, the sieved product was collected and stored for further use in the preparation of the extract.
Optimisation of extraction protocol
2.3.1 Evaluation of the reducing capacity of F. chinensis Roxb leaves extract: The reducing ability of the leaves extract of F. chinensis Roxb was investigated using the ferric reducing antioxidant power (FRAP) assay and colour development tests, as described by Manquián-Cerda et al. [32] . During the FRAP assay, the ability of the plant extract (PE), to reduce Fe +3 to Fe +2 was measured at absorbance (λ = 593 nm) by producing blue complex with TPTZ. The FRAP reagent was made by using 20 mm of FeCl 3 solution, 300 mm of acetate buffer and 10 mm of TPTZ solution in HCl at a 1:1:10 ratio. The absorbance of samples containing 800 μl of FRAP reagent, 60 μl of H 2 O, and 20 μl of extract was determined at λ = 593 nm by UV-vis spectrophotometer. The FRAP reagent was kept at room temperature (298.15 K) throughout the experiments. The standard calibration curve for this test was also designed using six Fe +2 standards, with concentrations ranging between 100 and 1000 μmol/l (r > 0.999), which were further used in extract optimisation study. In addition, different colour development tests were used to investigate the presence of probable organic contents in the plant extract, which can reduce Fe +3 to Fe +2 . For this purpose, ferric trichloride-potassium ferricyanide, HCl-Mg reaction and alkaline copper sulfate tests were employed according to Wei et al. [34] .
2.3.2
Evaluation of the total phenolic content (TPC) in the leaves extract of F. chinensis Roxb: The presence of phenolic compounds is often considered an important element in the formation of green MNPs, because it has been reported that phenolic compounds with -OH groups in the orhoposition assist in the reduction and construction of green MNPs [33] . For this purpose, the Folin-Ciocalteu method was employed to investigate the TPC in the plant extract using gallic acid as the standard [34] . A dilution sample was prepared containing plant extract (20 μl) and 40 μl of pure DI water. Then, the Folin-Ciocalteu reagent (100 μl) was added and mixed for 5 min, after which 300 ml of Na 2 CO 3 solution was injected and permitted to stand for 15 min. Finally, the absorbance of the sample was determined at λ = 765 nm by UV-vis spectrophotometer. The results of the TPC were stated as milligrams of gallic acid equivalent (GAE) per gram of dry weight.
Optimisation of the extraction conditions:
To determine the best conditions for maximum extraction with high antioxidant capacities, the extraction optimisation studies were conducted. The FRAP assay was used to calculate the antioxidant capacity of the extract. For optimisation studies, such factors as mass of leaves and solvent volume ratio, contact time, temperature and pH, were optimised. The mass of leaves: solvent volume ratio experiments were conducted with different masses of the selected leaves (from 1 to 12 g) using 80 ml of DI water; the range of contact time was 20-120 min, the range of temperature was 298.15 K-473.15 K and pH range was 2-12. The pH levels of the samples were maintained using 0.1 mol/l NaOH and HCl. At the end of each experiment, the leaves extract was centrifuged for 20 min at 8000 rpm, after which the supernatant was filtered through a 0.22 μm filter paper and then 20 μl of extract was used in the FRAP assay. The standard calibration curve (as described above) was employed to obtain the real value of the antioxidant capacity, and all the tests were commenced in triplicate.
Fabrication of the PMNPs
For the fabrication of the PMNPS, the optimum extraction condition was selected and 10 g of the powdered F. chinensis Roxb leaves was added into 80 ml of DI water, and then the mixture was heated at 353.15 K for 90 min. The pH of the solution was maintained at three using 0.1 mol/l NaOH and HCl solution. Then, the MS (1:1) ratio of (Fe
+2
:Fe
+3
) was prepared using 50 ml DI water; next, 50:50 (vol./vol.) ratio of MS and PE was prepared and boiled at 353.15 K with continuous stirring (100 rpm) by a magnetic stirrer heater for 60 min.
The pH of the mixture was adjusted at 12 using 0.1 mol/l NaOH solution added drop-wise until the mixture colour changed from reddish brown to black, thus indicating the formation of PMNPs. Then, the mixture was allowed to settle down for 60 min and then the black colour precipitations were centrifuged for 20 min at 8000 rpm. The supernatant was vacuum-filtered through a 0.22 μm filter paper, after which the black powder was collected and washed twice with 50 ml of ethanol solution. Further, the final product was again vacuumfiltered through a 0.22 μm filter paper and the collected black powder was oven-dried for at least 120 min at 353.15 K.
Characterisation of the F. chinensis Roxb extract and the PMNPs
The elemental contents (e.g. C, N, S and H) and the heavy metals content of the leaves extract were determined by using an elemental analyser and atomic absorption spectrometry, respectively. Further, the fabricated PMNPs were characterised using FTIR, XRD, SEM, EDX/S, TEM, XPS, TGA, VSM and BET techniques. A Bruker Vertex 70 was used for the FTIR analysis. Next, the probable bio-molecules present in the extract were identified, which were responsible for the reduction and stabilisation of PMNPs. A Philips Electronic Instrument was employed for the XRD analysis, and the crystalline shape of the fabricated PMNPs was identified. The fabricated PMNPs sample was washed completely with ethanol prior to the analysis, in order to minimise the NaCl content and other impurities that crystallised out during the fabrication process. The samples were scanned within 2θ range of 20°-70°. The morphologies of the fabricated PMNPs were examined by SEM and TEM. The elemental content was analysed by energy dispersive spectroscopy EDS/X. Further, X-ray photoelectron spectrum was also used to identify the elemental composition. The thermal stability of the PMNPs was estimated by the TGA, and the NETZSCH TG 209F3 instrument was employed with a heating rate of 283.15 K/min in the temperature range of 303.15 K-1073.15 K under nitrogen gas (flow rate, 20 ml/min). The magnetic measurements of the PMNPs were done at 300 K temperature through a VSM by applying a magnetic field of up to 15kOe. The surface properties of the prepared material were determined using BET method at temperature 77 K using nitrogen gas.
Experiments for the decolourisation of toxic dyes by the PMNPs
In order to evaluate the reactivity and effectiveness of the fabricated PMNPs, cationic toxic dyes [i.e. malachite green (MG), crystal violet (CV) and methylene blue (MB)] were selected for the degradation experiments, and their removal efficiencies were compared. All the experiments were conducted in batch mode by shaking Erlenmeyer flasks in a temperature-controlled rotary shaker under atmospheric pressure and room temperature (298.15 K) by adjusting the shaking speed at 100 rpm. A fixed amount of 0.3 g/l powdered PMNPs was added in to 40 ml of the aqueous solution containing 25 mg/l of MG, CV and MB solutions, respectively. The pH levels of these dyes solutions were maintained at 6.5 unless otherwise stated. The pH adjustments were made using 0.1 mol/l NaOH and HCl solution depending on the requirement. Initially, various influencing parameters were investigated, including adsorbent dosages (0.05-1.5 g/l), solution pH (2-12), initial dyes concentration (25-1000 mg/l), contact time (0-220 min) and temperature (298.15 K-333.15 K). Following this, the mixtures were centrifuged at 10,000 rpm for 15 min, and then the liquid supernatant was collected to determine the final concentration of the dyes. The absorbance rates of the dye solutions were measured using UV-vis spectrophotometer at λ max = 617 nm (MG), λ max = 585 nm (CV) and λ max = 664 nm (MB). Finally, the removal/degradation efficiency of the selected dyes by PMNPs at different time interval was calculated using the equation
where C o (mg/l) is the initial dye concentration in the solution and C t (mg/l) is the final dye concentration in the solution at different time intervals.
3 Results and discussion
Characterisation of the leaves extract of F. chinensis Roxb
The main objective of characterising the leaves extract of F. chinensis Roxb was to examine the safe and clean green synthesis of PMNPs through an investigation of the elemental and heavy metal contents. The surplus amount of heavy metals can generate contamination in the leaves extract. In addition, it has been reported that, by identifying the elemental contents (e.g. C, H, N and S), the probability regarding the presence of certain organic compounds can be supposed. In the present study, the elemental contents of F. chinensis Roxb were C (38.6%), H (4.99%), S (0.39%) and N (4.38%). These results indicate that the presence of N and S might be due to protein, chlorophyll, nucleic acids, cysteine, cystine and methionine in the leaves extract. In contrast, the negligible contents of heavy metals [Cr (0.011 mg/l), Fe (0.06 mg/l), Pb (0.07 mg/l), Co (0.013 mg/l), Cd (0.001 mg/l) and Zn (0.25 mg/l)] were also observed in the extract. Our findings indicate that organic compounds are mainly found in the extract, whilst only negligible amounts of heavy metals contents were observed, thus confirming the safe and green fabrication of PMNPs.
Optimisation of the leaves extraction protocol
In the present research, the main purpose of optimising the extraction protocol was to find out the maximum leaf extraction with high antioxidant capacities ( Figure 1 ). These findings showed that, by increasing the mass of leaves into the extract solution, the antioxidant capacities initially increased (from 0.043 to 0.047 Fe +2 mmol/l), but after increasing the mass of leaves by 10 g, the antioxidant capacity was almost stable ( Figure 1A ). Hence, from an economical point of view and due to the high antioxidant capacity, we selected 10 g/80 ml as the optimal mass of leaves for further studies. After this, by increasing the temperature (from 298.15 K to 393.15 K), the antioxidant capacity also initially increased (from 0.041 to 0.044 Fe +2 mmol/l) and then gradually decreased by the increasing temperature. However, almost a stable value of 0.044 ± 0.001 Fe +2 mmol/l was observed between 353.15 K to 423.15 K ( Figure 1B) . Hence, for the purpose of green fabrication, 353.15 K was selected as an optimal temperature for further studies. At this temperature, the contact time varied from 20 to 120 min.
The abovementioned findings illustrated that, by increasing contact time (from 20 to 90 min), the antioxidant capacities initially increased (from 0.041 to 0.046 Fe +2 mmol/l) and then decreased between 90 to 120 min. This reduction of antioxidant capacities might be due to the oxidation of antioxidant chemicals through the exposure of air, according to the findings of Wei et al. [34] . Hence, 90 min was chosen as the optimal contact time ( Figure 1C) . Initially, the pH of the extract was 5.56 and it was adjusted by using 0.1 mol/l NaOH and HCl solution. The findings of the current study showed that the antioxidant capacities declined from 0.048 to 0.044 Fe +2 mmol/l with increasing pH and then became almost stable after pH 9. Therefore, according to our findings, pH 3 was selected as the optimal pH for further studies ( Figure 1D ). Furthermore, we also noticed that, at optimised conditions, higher antioxidant capacity (0.047 Fe +2 mmol/l) and TPC (83.3 ± 5.1 GAE mg/g DW) were measured by the FRAP and the Folin-Ciocalteu method. These findings illustrated that the F. chinensis Roxb leaves extract contained high amounts of reducing compounds, which could produce a higher yield of PMNPs. Similarly, we also observed this by colour development tests, and all the findings are shown in Table 1 . Moreover, Wei et al. [34] also reported that, when plant extracts have higher antioxidant capacity and TPC, then they have higher potential in producing PMNPs through the reduction of metal ions.
Characterisation of the PMNPs
UV-vis spectra analysis
The fabricated PMNPs were first confirmed by change in colour from dark green to black using UV-vis absorption spectra. Figure 2 illustrates that the reaction between metal salt and leaves extract was instantaneous and the colour of the reaction solution changed from dark green to black. This fabrication might be due to a variety of plant bio-molecules (polyphenols), which played a major role in the reduction of metal ions and the sufficiently stabilisation of the Fe 3 O 4 NPs to fabricate PMNPs under an alkaline condition (pH 12). Thus, after the reaction, it can be seen that the UV spectra of the fabricated PMNPs had broad absorption at a higher wavelength than the plant extract and there was no sharp absorption at a lower wavelength (Figure 2A and B) . Finally, 3-MPA incorporated on the surface of the PMNPs in an alkaline medium (pH 8). The formation of the PMNPs and 3-MPA capped PMNPs or the reactions that might have occurred in the preparation can be summarised below. Figure 3 demonstrates the FTIR spectra of F. chinensis Roxb leaves extract for the fabrication of PMNPs. The FTIR spectra revealed different peaks in the spectral range of 500-4000 cm −1 , and these peaks were probably due to the presence of plant bio-molecules (polyphenols) on the surface of PMNPs. ( Figure 3B ). Its breadth might be due to the formation of intra and intermolecular hydrogen bonds [35] . The peaks at 2935 and 2893 cm −1 represent the O-H stretching and C-H stretching vibrations, respectively, of carboxylic acid, alcohol or alkene ( Figure 3B ). A very strong peak at 1662 cm −1 revealed the presence of C=O stretching or C=C stretching vibration of the acid derivatives; this shifted to 1639 cm −1 . These peaks might indicate the sign of physisorbed or chemisorbed H 2 O on the PMNPs, as previously reported by various scientists [35, 36] . A slightly broad absorption peak at 1163 cm −1 indicated the C-O stretching vibration of ester, and this shifted to 1114 cm −1 , thereby indicating the C-O stretching vibration of aliphatic ether or bond of glucose ring in the extract. Moreover, after the reduction of metal salt solution, the prompt decrease in the intensity at 1662 and 1163 cm −1 imply the major role of the -OH group in this reduction process, as previously discussed by various investigators [18, 35] . Finally, a strong absorption band at 585 cm −1 can be attributed to the characteristic band of Fe-O, thus suggesting the formation of Fe 3 O 4 NPs or PMNPs, as reported by Prasad et al. [36] . Therefore, the FTIR results verified the capping and involvement of plant bio-molecules (polyphenol, carboxyl, glucose, alkene, primary amine, ester, aliphatic and ether) on the surface of the PMNPs in the shape of the -OH, C-H, C-O functional groups. In addition, the FTIR results were also verified by the results obtained from the colour development tests (as discussed in the extract characterisation section). to NaCl as previously reported [18] . The fabricated PMNPs were highly crystalline. The majority of them indicated the sign of the magnetite/hematite NPs and they could be clearly assigned to the cube shape of metallic iron. The results of the XRD analysis show a series of high characteristic diffraction peaks at 2θ = 32.5°, 35.2°, 45.4°, 57.3° and 62.8°, respectively. These peaks were related to the (220), (311), (400), (511) and (440) planes of Fe 3 O 4 , as reported in the JCPD reference pattern 019-0629 [37] . The peaks at 2θ = 35.2° and 62.8° mainly indicated the presence of iron oxide. The average diameter of the fabricated PMNPs was also calculated by using the Scherres equation expressed as D = 0.89λ/β · Cosθ, where D is the average particle size, λ is the wavelength of the CuKα irradiation, β is the full width at half maximum intensity of the diffraction peak and θ is the diffraction angle at 2θ = 35.3° peak of the iron oxide NPs [34] . The fabricated PMNPs resulted in the mean crystallite size of ~39 nm. For comparison, the magnetic NPs (abbreviated herein as CSMNPs) were fabricated via the chemical co-precipitation method using sodium borohydrate (NaBH 4 ) as a reducing agent. The XRD pattern of the CSMNPs was also obtained and shown in Figure 4 . A more or less similar XRD pattern was observed, which also verified that our fabricated PMNPs contained magnetite and hematite with crystalline shapes. In addition, the XRD 
FTIR analysis
Powder XRD analysis
X-ray photoelectron spectrum (XPS) analysis
The XPS spectrum was obtained to understand the surface composition and structure of the fabricated PMNPs ( Figure 5A 1000 1200 1400 1600 Figure 5 : The X-ray photoelectron spectra (XPS) of (A) the phytogenic magnetic nanoparticles (PMNPs); (B) high-resolution X-ray photoelectron spectra (XPS) spectra of Fe 2p; (C) high-resolution XPS spectra of O 1s; (D) high-resolution XPS spectra of C 1s.
(~530) eV in addition to a small peak at 532.8 eV. The peak at 529.95 eV can be attributed to the lattice oxygen atoms bonding with Fe (Fe-O), whilst the peak at 532.8 eV can be assigned to O in the -OH groups of the PMNPs ( Figure 5C ). Moreover, the C 1s profile showed two peaks at 285.7 and 287.6 eV, respectively, in the bending energy range of 275-305 eV ( Figure 5D ). These features indicated the presence of two C atoms with different chemical characteristics. The main peak at 285.7 eV in C 1s can be assigned to the polyphenolic (O-H) or alcoholic (C-O) groups, which might be associated to the capping membrane of the organic functional groups onto the PMNPs. Overall, the XPS results in addition to the FTIR and XRD results clearly confirmed the formation of the PMNPs.
SEM and energy dispersive X-ray (EDX/S) analyses
The SEM analysis of the fabricated PMNPs was carried out to observe their morphology. As shown in Figure 6 , the PMNPs showed the Fe 3 O 4 (magnetite) with a granular, homogenous, spherical-shaped structure with a diameter in the range of 30-80 nm. In addition, EDS/X analysis provided the qualitative and quantitative status of the elements, which may have affected the fabrication of NPs. Figures 6B and D show that the EDX spectrum contained intense peaks of Na, Cl and C in addition to Fe and O. The Na and Cl peaks might have originated from the NaOH and FeCl 3 precursors used in the fabrication of PMNPs. The C peak in case of PMNPs was mainly due to the polyphenol groups or other carbon-containing biomolecules, which were present in the F. chinensis Roxb leaves extract ( Figure 6D ). These findings revealed that the atomic percentages, as obtained by EDX quantification, were Fe (35.12%), C (17.12%), O (45.09%), Na (1.68%) and Cl (0.98%). The higher percentages of C indicated the involvement of the plant's bio-molecules in the reduction of metal ions and stabilisation of the PMNPs (Figure 6 ). Moreover, these values might be helpful in observing the atomic content on the surface and the near surface region of the fabricated PMNPs.
TEM analysis
The size, shape and morphological characteristics of the fabricated PMNPs were elucidated by TEM analysis. The TEM results were recorded at different scale bars. The results are shown in Figure 7 . The TEM results clearly illustrated the formation of magnetite (Fe 3 O 4 ) nanoparticles and the PMNPs with fine, monodisperse, compact and irregular shapes. The majority of them showed a cubeshaped morphology and some of them were spherical in shape. The average diameter of the majority of particles (e.g. >85% of PMNPs) ranged from 35 to 55 nm, which is in agreement with the results obtained from the powder XRD and SEM analyses (Figure 7) . The particles were agglomerated due to the existence of the (-OH)/hydroxyl groups in the plant leaves extract. The surface of the PMNPs was coated by organic matters from the leaves extracts, which played an important role in restraining their aggregation and enhancing their dispersion and colloidal stability. In addition, the presence of high surface area and mesopore structure indicated that a large number of vacant/active sites could exist on the surface of PMNPs to adsorb heavy metal ions and toxic dyes from the aqueous environment ( Figure 7) . Overall, the TEM results clearly demonstrated the formation of the magnetite (Fe 3 O 4 ) nanoparticles via the reduction of iron (Fe) ions within the leaves extract ( Figure 7 ).
Brunauer-Emmet-Teller (BET) analysis
The surface properties of the PMNPs, such as surface area, total pore volume, pore radius and pore size, were also examined using the BET surface area analysis technique. Surface area is most often assumed as an important property of any material, which can disclose imperative information about the adsorption properties. A higher surface area is mostly desired over a lower one because the former offers high sorption capacity than the latter. A higher number of small sized pores is organised due to having a high surface area in a controlled volume. Similarly, the pore size of the material is an important element that reveals the availability of pollutants onto the particle surface. The N 2 adsorption-desorption method was employed to determine the surface properties of the PMNPs. The obtained isotherms showed a hysteresis loop of different intensities correlated with the type IV isotherm model with an H4-type hysteresis loop, as classified by the IUPC. The hysteresis loops took place at relative pressures between 0.46 and 0.99, and evoked the presence of the mesoporous feature of the sample (Figure 8 ). The specific surface area of the material was 54.916 m 2 /g, as determined by the BET method. Surprisingly, the specific surface area of the PMNPs was much better than most of the previously reported green MNPs [14, 16, 19, 20, 29, 31, [38] [39] [40] [41] .
The Barrett-Joyner-Halenda (BJH) model was used to calculate average pore size and total pore volume. The results indicated that the average pore radius of the material ranged from 1.5 to 4.5 nm and the average pore size was 13.83 nm (the pictorial representation of the size distribution is shown in the inset of Figure 8 ). The total volume of the pores was determined by the single-point adsorption value at P/Po = 0.9989, which was 0.10 cm 3 /g, indicating the presence of the loose mesoporous structure of the sample. Overall, the prepared material indicates the presence of mesoporosity, which can facilitate the diffusion of pollutants through the porous material. In addition, it can also facilitate in the adsorptive removal of toxic dyes and the separation of metal ions from the environment. The seporous magnetic materials can also be exploited as a catalyst and an adsorbent in various environmental and biomedical applications.
Magnetic measurements of the PMNPs
The magnetic nature is mainly dependent on size, shape and morphology of the prepared material, and are significantly influenced by the fabrication protocol. The VSM study was employed to obtain the hysteresis loop of the PMNPs at a temperature of 300 K by applying a magnetic field from −15 to +15kOe (Figure 9) . The values of the remant magnetisation (Mr) and coercivity (Hc) was zero, suggesting the superparamagnetic nature of the PMNPs. Whilst the value of saturation magnetisation (Ms) was 50.95 emu/g. The lower value of Ms compared with Ms for bulk Fe 3 O 4 = 93 emu/g, might be due to the increase in the surface area or the reactions among the organic capping agents and the PMNPs. Similarly, the reduction in Ms values have also been reported by other researchers for green MNPs [28, [38] [39] [40] . Figure 9 illustrates that PMNPs can easily be separated from solution within a few seconds with the help of a hand-held magnet because of their superparamagnetic behaviour. Therefore, in order to improve operational efficiency and keep the treatment cost economically feasible, this material is perceived to be a prerequisite for the water/ wastewater treatment process. The prepared material can be reused for consecutive treatment cycles and the recovery of metal ions. In addition, the developed material can be employed in biomedical applications (e.g. targeted gene and drug transportation) and the recovery of toxic heavy metals from the water environment.
Thermal gravimetric analysis (TGA)
The thermal stability and capping structure of the plant biomolecules and/or chemical composition of the PMNPs were estimated by using the TGA. The TGA plot/profile depicted two weight loss steps in the tested temperature range of 273.15 K-1073.15 K (Figure 10 ). The first mass/ weight loss (2.53%) appeared in the temperature range of 301.15 K-576.45 K, indicating the removal of water/H 2 O or residual solvent, physisorbed and chemisorbed H 2 O molecules in the sample [28, [38] [39] [40] . The second major mass/ weight loss (17.31%) occurred at 576.45 K-870.75 K, suggesting the elimination or decomposition/loss of the capping biomolecules [37, 42] . Further, there was no weight loss observed above 873.15 K and the PMNPs exhibited 80.16% remaining weight residue. The TGA results suggested that about 17% of the plant biomolecule capping was observed on the surface of the PMNPs and that the material possessed high thermal stability. The fabrication scheme of the PMNPs is shown in the Figure 11. 
Decolourisation/degradation of toxic dyes at various operating conditions
Initially, the adsorbent dosages were varied to investigate the removal performance of the PMNPs against the selected toxic dyes (i.e. MG, CV and MB, in Figure 12A ) The dosages of the PMNPs (0.05-1.5 g/l) were added into the 40 ml of toxic dye solution (25 mg/l) for 3 h at pH 6.5 ( Figure  12A ). The results indicated that the removal efficiencies of dyes increased with the increase of the adsorbent dosage (from 0.05 to 1.5 g/l) and approached equilibrium at the adsorbent dosage of 0.3 g/l ( Figure 12A ). This increase in the removal efficiencies might be due to the availability of higher active/vacant sites on the surface of adsorbents at higher dosages. This finding is consistent with the published studies, in which conventional bentonite supported nanoscale zero-valent iron reduced azo dye methyl orange [43] . Overall, a plateau was established in the range of 0.3-1.5 g/l, suggesting the equilibrium between the dye molecules and adsorbents ( Figure 12A ). Thereafter, a 0.3 g/l adsorbent dosage was added into the 40 ml dye solution (25 mg/l) at pH 6.5 to check the influence of contact time ( Figure 12B ). The finding indicated that PMNPs showed good reactivity against all the tested dyes and achieved greater than 95% removal efficiency within the contact time of 200 min. The MG and CV dyes almost disappeared completely after the contact time of 60 min and showed removal efficiencies about 99.12% and 98.23%, respectively ( Figure 12B ). In contrast, almost a complete removal of MB (97.52%) was recorded within 200 min. This fast kinetics of the PMNPs against the dyes may indicate the presence of both adsorption (owing to the presence of hydroxyl/-O − functional groups on the surface of adsorbents) and oxidation mechanism (owing to the corrosion of iron/Fe in the solution). A fast removal of dyes happened in the starting phase due to the availability of higher active sites on the exterior surface of the PMNPs; afterwards, the dissolution of PMNPs led to the oxidation phenomenon. This finding agrees with the reports, which stated that iron oxides were impregnated onto the activated maize cob powder used to remove cationic dye [44] .
Further, the removal of the dyes was also investigated in the range of pH 2-12 ( Figure 12D ). The results indicated that the removal efficiencies of all the three tested dyes increased with the increase of pH value, and minimum removal (<50%) was noticed in the pH range of 2-5 ( Figure 12D ). This might be due to the following reasons: first, the low solution pH favoured the corrosion of Fe° to form maghemite, magnetite and iron hydroxide on the surface of PMNPs, which in turn led to the inhibition of the removal of the dyes; second, at a lower pH, the solution made enough H + ions while deprotonating the MG molecules, which created competition to capture active sites that led to minimise removal efficiency; and finally, the pH PZC of PMNPs was 6.19 ( Figure 12C ), at lower pH, when pH <.pH PZC the surface of the PMNPs was positively charged, thus increasing the electrostatic repulsion between the cationic pollutants and the presence of proton (H + ) and protonated dyes molecules, consequently inhibiting the removal performance. In contrast, whilst in the alkaline solution, the surface of PMNPs was negatively charged at pH >.pH PZC , and contained a large number of hydroxyl groups (-OH), which permitted the attachment of cationic dye ions with negatively charged adsorbent surface, thud leading to a higher removal capacity.
The influence of the initial concentration of dyes on the removal performance was also investigated by adding 0.3 g/l adsorbent dosage into the 40 ml dye solution (25-1000 mg/l) at pH of 6.5 ( Figure 12E ). The removal percentages of all three dyes were reduced (from 99.12% to 19.2%) by increasing the concentration from 25 to 1000 mg/l ( Figure 12E ). This is a general phenomenon, wherein increasing the initial concentration of pollutants leads to a competition between the adsorbates and adsorbents, when the active sites of the adsorbents are fixed [43] . The removal of 25 mg/l dyes by the PMNPs (0.3 g/l) at various reaction temperatures (298.15, 303.15, 313, 323.15 and 333.15 K) was tested to investigate the influence of temperature ( Figure 12F ). The results indicated that the removal efficiency of all the selected dyes increased with the increase of reaction temperature. An increment of about 1%-2% was observed in the removal efficiencies by increasing reaction temperature from 298.15 to 333.15 K ( Figure 12F) . Hence, the reaction temperature served as an important factor that increased the tendency of dyes molecules to transfer from the solution phase to the adsorbent surface ( Figure 12F ).
Proposed decolourisation/degradation mechanism of toxic dyes by the PMNPS
In order to understand the removal/degradation mechanism of the cationic toxic dyes by the PMNPs, the UV-vis spectra of MG, CV and MB were carried out at various time intervals ( Figure 13 ). The absorption rates of the visible bands at 617, 425 and 311 nm significantly declined or disappeared within 60 min, when the PMNPs were mixed in the solution containing the MG dye ( Figure 13A ). Similarly, reaction time increased) indicated that the entire conjugated chromophore structure of the cationic toxic dyes had been abolished/destroyed or the cationic ions had been adsorbed onto the surface of the PMNPs [45] . In addition, these findings indicate that the removal of these cationic toxic dyes by the PMNPs was due to the adsorption of the dye molecules onto the surface of adsorbents and the cleaving of the -C=C-and =C=N-bonds of MG, CV and MB, respectively, suggesting that the removal of cationic toxic dyes by PMNPs could include both the adsorption and degradation/oxidation processes. The adsorption of the cationic dyes occurred mainly due to the presence of hydroxyl/-OH functional groups/organic capping agents on the surface of the PMNPs, and following the degradation of these dyes by the corrosion of Fe° in the solution occurred. These degraded products at 200-220 nm could be linked to the aromatic ring [46] . Overall, the absorption of the visible bands for MG, CV and MB was rapidly declined/abated by the PMNPs due to its higher reactivity.
These findings are consistent with the results described in the published literature [14, 18-20, 35, 43] .
Furthermore, to better understand the degradation mechanism, the pseudo-first order kinetics model was employed to check the degradation of the MG, CV and MB dyes by the PMNPs. This can be explained as [47] matched well to a pseudo-first order kinetics model. The summary of the calculated rate constants and correlation coefficients is documented in Table 2 .
In addition, the apparent activation energy was also estimated by the equation [19, 20, 45] where R (J/mol K) is the universal gas constant, T(K) is the reaction temperature, E a (kJ/mol) is the apparent activation energy and A o is the pre-exponential factor with the same dimension as k obs , and it can be estimated through the slope and intercept by plotting lnK a against 1/T ( Figure 13D ). The degradation/apparent activation energies of the MG, CV and MB dyes by the PMNPs were estimated to be 97.623, 102.59 and 169.76 kJ/ mol, respectively (Table 2) . These values suggested that, chemically speaking, a diffusion-controlled reaction did occur in the removal/degradation of cationic toxic dyes using the PMNPs [19, 20, 47] . As shown in Figure 13D , the regression coefficient (R 2 ) values of the MG, CV and MB dyes were greater than 0.90 at various reaction temperatures, indicating that the removal rate fitted well to a pseudo-first order kinetics model. Therefore, the reaction was kinetically favourable to the PMNPs. Altogether, the pathway for the removal/degradation of the MG, CV and MB dyes in the aqueous solution using the PMNPs can be described as follows: (a) first, the cationic toxic dyes were adsorbed onto the surface of PMNPs owing to presence of the negative charged hydroxyl/-O − functional groups on the surface of the adsorbent; (b) second, the PMNPs in the aqueous solution were corroded/dissolved, which released electrons that cleaved the -C=C-and =C=N-bonds linked to the benzene ring of the MG, CV and MB dyes, respectively, thus degrading the dyes through the oxidation mechanism. These processes can be described below [14, 19, 20, 35, 46, 48, 49] . Finally, compared with other green magnetic sorbents for the removal/degradation of toxic dyes from wastewater, it can be observed that the PMNPs had comparatively much better degradation performance against the MG, CV and MB dyes (Table 3) . Moreover, an eco-friendly fabrication process, wide operable pH range, and the rapid and easy magnetic separation from the final effluents just by applying simple hand-held magnet makes PMNPs an attractive candidate for the treatment of wastewaters containing cationic toxic dyes. The fabricated PMNPs in the current research can provide broad applications in the fields of green chemistry and environmental engineering.
Conclusions
In the present research, innovative super paramagnetic PMNPs were fabricated by employing non-toxic, cheap and environmental friendly "green" recipe using the F. chinensis Roxb leaves extract as a reducing and capping agent. The developed methods did not require any additional toxic or hazardous chemicals and can be scaled up for bulk production and use. The formation of the PMNPs was characterised with the help of different techniques (i.e. UV-visible spectrometry, FTIR, powder XRD, SEM, EDX, TEM, VSM, XPS, BET and TGA).
The results showed that the best plant extraction conditions were observed at pH 3, temperature (353.15 K), contact time (90 min) and 10 g mass of plant leaves per 80 ml of solvent. The FTIR and TGA results verified the capping and involvement of the plant bio-molecules on the surface of the PMNPs in the form of the -OH, C-H, C-O functional groups. The hysteresis loops of the PMNPs showed an excellent super paramagnetic nature with a saturation magnetisation value of 50.95 emu/g and offered the fastest separation time of 35 s from the aqueous solutions. The SEM results illustrated that the PMNPs mainly showed a granular, homogenous and porous sphericalshaped structure of Fe 3 O 4 (magnetite) with a diameter ranging from 30 to 80 nm. The TEM results further demonstrate that the PMNPs (d = 35-55 nm) can be fabricated using the tree leaf extract of F. chinensis Roxb. The powder XRD and XPS analyses revealed that the produced PMNPs were magnetite and clearly assigned to the cube shape of metallic iron. The specific surface area of the material was 54.916 m
